The transmission and polarization characteristics of a photonic crystal (PC) in a surface-normal application are examined, and the use of a liquid crystal (LC) as a tunable anisotropic element is investigated. PC slabs fabricated from Si 3 N 4 by etching a square-lattice pattern of circular or elliptical holes are demonstrated to exhibit guided resonance due to coupling of light with in-plane Bloch modes. Structural birefringence arising from the ellipticity of holes is also observed. The results are in good agreement with photonic band analysis. With LC filling the holes, the resonance and polarization characteristics of the PC device are shown to be dependent on the isotropic or nematic state of the LC, which can be switched by temperature. These behaviors are explained by finite-difference time-domain simulations assuming anisotropic orientation of nematic LC molecules in the pattern holes. The present study thus demonstrates the possibility of surface-normal-type light control devices.
Introduction
Photonic crystals (PCs) are periodic optical structures that provide strong optical confinement due to the photonic bandgap effect and specific transmission characteristics resulting from anomalous dispersivity. PCs have thus been studied for application in a range of developing technologies, including nanolasers, light emitting diodes, slow light waveguides, nonlinear devices, sensors, and negative refractive components. In many of these applications, PC slabs consisting of a two-dimensional air hole array in a high-index membrane are configured for in-plane light propagation. The use of PC slabs under normally incident light, however, has received relatively little attention. Under normal incidence, guided resonance occurs due to coupling with in-plane Bloch modes, the photonic bands of which are located at the À point in the Brillouin zone. [1] [2] [3] [4] [5] Guided resonance has been investigated theoretically and experimentally as a potentially useful mechanism that enhances the light control. [6] [7] [8] [9] [10] [11] [12] [13] Since it is a wavelength-and angledependent phenomenon, its enhancement is particularly effective in sensors, spatial filters, and displays with laser light. The most important advantages of surface-normal devices, however, relate to the greater ease of optical coupling, scalability, and mass producibility compared to the widely studied in-plane devices. For this purpose, PC slabs having simple structures are more suitable than any ideal three-dimensional structures.
The optical characteristics of PCs are generally determined by the device structure and the indices of the constituent materials. The use of a material with externally switchable refractive index, such as liquid crystal (LC), may therefore provide a means for the dynamic external control of the characteristics of the PC. The refractive index and anisotropy of LC are tunable over a wide range in response to an applied electric field and temperature. LC is exploited as a key technology in commercial display devices and spatial light modulators, and also in fundamental research on tunable devices such as fiber-based devices 14) and cavities. 15, 16) The use of LC in a PC device has been examined in a number of studies. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] In one notable example of LCbased control of a PC device, the infilling of LC in the air gap of the PC were allowed the stopband to be shifted in response to voltage or temperature. [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] In the present study, guided resonance in a PC slab under normally incident light is studied in detail, and the possibility of device control using LC is investigated. The PC device is fabricated from a square-lattice Si 3 N 4 PC slab, and the LC is introduced by infilling the air holes of the lattice. The transmission, polarization, and structural birefringence properties of the fabricated devices without LC are characterized, and their correspondence with photonic bands and modal behaviors calculated by three-dimensional (3D) finitedifference time-domain (FDTD) method are examined, particularly focusing around the À point. Then, temperature-based control of the device properties via change in the LC characteristics is demonstrated. The average orientation of the LC infilling the PC is also estimated based on comparison with theoretical simulations.
Device Fabrication and Measurement
The device investigated in the present study is based on a square-lattice Si 3 N 4 PC slab as shown in Fig. 1 . The PC slab was fabricated by first forming a 0.23-m-thick film of Si 3 N 4 (n ¼ 1:95) on Corning 1737 glass (n glass ¼ 1:45) by chemical vapor deposition, and then defining the square lattice pattern of air holes by electron beam lithography in combination with CHF 3 /O 2 inductively coupled plasma (ICP) etching using ZEP520A resist (Zeon). ICP etching was carried out at room temperature using an RIE-10ip etching apparatus (Samco) at an ICP power of 300 W, bias power of 125 W, gas flow rate of CHF 3 : O 2 ¼ 10 : 10 sccm, and gas pressure of 2.5 Pa. Under these conditions, the etching rate of Si 3 N 4 is 100 nm/min. As shown in Fig. 1(b) , the PC slab was fabricated with circular or elliptical holes. For the sample with circular holes, the lattice constant a was set as 0.98 m and the diameter of the holes 2r, 0.68 m, and for that with elliptical holes, a ¼ 0:90 m, 2r x ¼ 0:54 m, and 2r y ¼ 0:38 m. The PC slab with LC was formed for the elliptical hole sample after we evaluated the sample without LC. Here, glass of the same type bearing a polyimide layer (JSR AL3046-R31) of 0.2 m thickness on the internal surface was mounted using a curable adhesive to form an air space of 6 m above the PC slab. The polyimide layer was rubbed in one direction in order to assist alignment of the LC molecules with the y axis. LC (Merck ZLI-E7) was then injected into the air gap by vacuum injection. When the air space and PC holes were not filled with LC after this process, air bubbles were observed through optical microscope. The sample used for optical characterization was confirmed to have no bubbles and to be filled with LC, although complete wettability of the LC against Si 3 N 4 surface and sidewalls were not checked. The LC exhibits a phase transition temperature of 58 C between the lowertemperature nematic (N) phase and the higher-temperature isotropic (I) phase. The extraordinary index (n e ) and ordinary index (n o ) of the LC in the N phase were determined based on measurements of the refraction angle of obliquely incident light, indicating values of 1.52 and 1.75 at a wavelength () of 1.40 m, respectively.
Optical characterization was performed using light from a tunable laser ( ¼ 1:30{1:50 m). The beam was linearly polarized using a quarter-wave plate, half-wave plate, and polarization filter designed for wide bandwidth use and then collimated into a 300 m-diameter beam using an objective lens. The polarization angle in was adjusted with respect to the x axis. The light beam was set to be incident on the fabricated device of (500 m)
2 pattern area at various angles ð x ; y Þ with respect to the direction normal to the substrate plane. The transmitted light beam was captured by a directly coupled polarimeter sensor head (Thorlabs PAT9000B) for determination of transmission intensity and polarization angle ( out ). Note that when the incident beam is focused into a smaller diameter, its angular components are increased, and consequently resonant peaks and dips shown below became unclear.
PC Slab without LC

PC device with circular holes
The transmission intensity of the PC slab with circular air holes is shown in Fig. 2 
(a). With
, and an incident polarization ( in ) of 0 (x-polarization), 45 , or 90
( y-polarization), a transmission dip of 1.8 dB is apparent at ¼ 1:44 m, attributable to reflection and diffraction by the guided resonance. The amplitude of the dip is not so large, in comparison with that reported for the higher index PC slab. 7) The amplitude is affected by the disordering of the structure, which is particularly severe for low-index-contrast systems. A higher index slab such as TiO 2 , which is usable for visible wavelength applications, is considered to improve the amplitude. The noise-like oscillation in the spectra is due to internal resonance in the polarizer. The polarization characteristics shown in Fig. 2 (b) reveal a slight variation in out near the transmission dip at 1.44 m. If the air holes were perfectly circular, out would be invariant and equivalent to the input polarization angle due to the symmetry of the structure. The variation observed here therefore suggests that the air holes have slight ellipticity due to fabrication error.
The dip was further examined by varying y with in ¼ 45 and x ¼ 0 , as shown in Fig. 3 . The pattern of dips can be seen to change systematically with y , with four dips separating with increasing deviation of y from 0 . These characteristics are compared with the photonic bands for inplane (transverse electric) polarization in Fig. 4 . The band curves were calculated by 3D FDTD using a unit cell model for the PC slab bounded by periodic boundary conditions in the x-y plane and air cladding with a perfectly matched absorbing boundary condition in the z direction. The index and thickness of the slab were set according to the experimental values, with 2r=a ¼ 0:7. The wavenumber (k y ) in the PC slab changes with y such that k y ¼ ð2=Þ sin y , and the experimentally observed dip is plotted 
PC device with elliptical holes
The intensity and polarization characteristics of the PC slab with elliptical holes are plotted in Fig. 5 for x ¼ y ¼ 0. Two dips in transmission intensity are apparent, at wavelengths of 1.34 and 1.37 m, and these dips are split between in ¼ 90 and 0 , respectively. Such splitting is caused by the structural birefringence of the PC, resulting in a polarizationfiltering effect that selectively reduces the intensity of one polarization at the dip frequencies. As shown in Fig. 5(b) , out does not change at in ¼ 0 and 90 , despite the relatively large dips in transmission intensity. On the other hand, the out trace for in ¼ 45 , which is affected by both polarizations, exhibits large changes near the dips due to the polarization filtering effect. The photonic bands are shown in Fig. 6 . The experimental plots are in good agreement with the theoretical calculations for a set at 0.94 m for bands A and C, and D. Band A was not experimentally observed at the À point (k y ¼ 0), and band B was not observed at all, even though four bands were calculated theoretically. First, these bands maintain the antisymmetry at the À point. Therefore, their experimental plots should disappear in the same manner as for circular holes. As the k y increases, mode A loses its antisymmetry since its transverse electric field points mainly in the x-direction. On the other hand, the electric field of mode B points mainly in the y-direction and hence the mode retains its antisymmetry with increasing k y . Therefore, experimental plots for band A appear and those for B keep disappearing with jk y j > 0.
PC Slab with LC
The transmission and polarization characteristics for the PC slab filled with isotropic LC (>58 C) are shown in Fig. 7 The split between these resonances reflects the structural birefringence arising from the ellipticity. The polarization filtering effect is also observed in this sample, resulting in marked variations of out for in ¼ 45 , and no variations for in ¼ 0 and 90
. These results are identical to those for the PC without LC in Fig. 5 .
To characterize the orientation of the LC in the spacer layer above the PC pattern, the output polarization angle and polarization state were measured at an off-resonant wavelength of 1.40 m, at which no dip in transmission was observed for the non-LC device. As shown in Fig. 8 , out in the N phase varies in an opposite manner to in and also to out in the I phase. This shows that the LC in the I phase was isotropic even in the holes. The polarization states of input and output light are almost linear when in is aligned with the main axes. These behaviors can be explained by simple retardation in the LC filling the spacer layer. The thickness of the spacer layer (6 m) is similar to the thickness of the half-wave plate [=2ðn o À n e Þ] at a wavelength of approximately 1.4 m. The transmission characteristics of the PC device with nematic LC at resonant wavelengths are shown in Fig. 9 . For in ¼ 45 , two dips due to the guided resonance are apparent at wavelengths of 1.51 and 1.57 m, corresponding to those for in ¼ 0 and 90 , respectively. They were shifted from those in the I phase, which indicates that the PC holes were filled with the LC and that the polarization filtering effect in the N phase was caused by the mixed effect of the structural birefringence and index anisotropy of the LC.
FDTD simulations were conducted in order to further understand these experimental results. In the simulation, four sides of a unit cell of the PC slab and upper and lower structures are surrounded by the periodic boundary condition, so that the transmission of the plane wave from upper side to the lower side of the slab is effectively calculated. The dielectric constant (") assigned for each Yee cell is expressed by a tensor corresponding to the index ellipsoid of the LC. 21, 29, 30) The index ellipsoid is assumed to have index n o on the minor axis and n e on the major axis. The major axis was set to be inclined by LC from the z axis, and to be rotated by LC from the x axis. In the standard FDTD method for isotropic media, the electric field vector (E) is calculated directly from the magnetic field vector (H). In the present simulation, the electric displacement vector (D) was first calculated from H, and then E was calculated by
To obtain E x , for example, the components D x , D y , and D z are necessary. In the Yee cell, D x is defined at the same position as E x , but D y and D z are not. Therefore, D y and D z at four neighboring positions close to D x were averaged, and the averages adopted as D y and D z at the position of D x . To simulate an infinite area of PC slab, the unit cell model was used in a similar manner to that for band calculations. A continuous plane wave with polarization angle () of À45 was set in the x-y plane above the PC slab so as to propagate toward the PC slab.
We calculated the transmission characteristics for various LC and LC and compared them with experimental ones. Real orientation of the LC in the nematic phase is strongly affected by anchoring force at sidewalls and bottom surface of the PC holes and by the continuity from the spacer layer, 31) resulting in a complicated spatial distribution. To avoid the complexity and simplify the discussion, we estimated the average effect to the optical characteristics by assuming the orientation to be uniform in the PC holes, although it can be assigned individually at each position in the FDTD method described above. First, the average orientation was assumed to be parallel to the rubbed orientation on the polyimide surface, i.e., along the y axis. However, coincidence between the calculated and experimental results could not be obtained under this assumption even with tuning other parameters. Therefore, the z component was added to the orientation, as shown in Fig. 10 , respectively, as the LC phase changes from isotropic to nematic. Assuming this model, index components of the LC in the holes, which are projected on the x and y axes, are 1.54 and 1.71, respectively.
Conclusions
The present observations of guided resonance in Si 3 N 4 photonic crystal slabs under normally incident light are in good agreement with the photonic bands, and reveal dips in transmission associated with the symmetry and anti-symmetry of Bloch modes in the slab. A polarization filtering effect arising from structural birefringence was also observed. The guided resonance was demonstrated to change in accordance with the isotropic-nematic phase transition of liquid crystal infilling the holes of the photonic crystal pattern. The average orientation of liquid crystal molecules in the holes was also found to be almost aligned but inclined slightly from that in the spacer layer, which might be due to the effect of surface anchoring force. This means that the phase transition of the liquid crystal can simply be mixed and used with the resonant enhancement of the photonic crystal in surface-normal-type light control devices. The present tuning method is based on the thermal transition, while other common methods for liquid crystals, such as the electric field, are also applicable for more flexible external control. , where the detail is the same as that for (b).
